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Abstract

The scope of [(T]6 -arene)Mn(CO)3]+ synthesis is investigated. Methods of
preparation involve abstraction of bromide from [Mn(CO) 5 Br] by A1C13 or Ag(I)
or, alternatively, oxidation o f [Mn2 (CO)10] by strong acid. The degree o f electron
donation to the ring by arene substituents is the principle factor in determining the
likelihood o f coordination. Arene substituents such as alkyl, aryl, alkoxy, chloro,
hydroxy, fused heterocycle aromatic rings, and nonconjugated carbonyl allow for
coordination. Highly electron-deficient aromatics such as nitro, cyano, and those
conjugated to carbonyls will not metalate. Several novel [(rf-pketoarene)Mn(CO)3]+ complexes are formed. The proton a to the coordinated
ring in these complexes is removed using base, yielding new [(rf-cyclohexadienylenone)Mn(CO)3] complexes 3-7. The reactivity of these compounds is
investigated as well. Nucleophilic and electrophilic additions, an imiiie
condensation, and cycloaddition reactions are described for these complexes.
Expected products are not observed. Both the nucleophilic and electrophilic
additions yield products resulting from the reprotonation o f the [( 175cyclohexadienyl-enone)Mn(CO)3] complexes. The product of
Trimethylsilylchloride addition to 3 is the ion pair [(rfC6H 5 CHPhCOCH 3)Mn(CO)3]+ [(OC)3Mn<>-Cl)3Mn(CO)3]-. Both the imine
condensation and the cyclo-addition reaction were not successful, with the latter
resulting in decomposition o f 3 and the former giving an uncharacterizable
product. Crystal structures o f [(tj6 -C6 H 5 CH2CO CH2 Ph)Mn(CO)3]BF4, 5, and
[( 7]6 -C6H 5CHPhCOCH 3)Mn(CO)3]+ [(OC)3Mn(^-Cl)3Mn(CO)3]- are reported.

The Preparation, Structure and Reactivity of
[(T]6-Arene)Mn(CO)3]+ and
[(rf-Cyclohexadienyl enone)Mn(CO)3]
Complexes.

2
Introduction
The reactions o f aromatics are of great importance in organic synthesis.
However, these electron-rich compounds are typically reactive only with
electrophilic (electron deficient) reagents. This limits or precludes the reaction of
arene compounds with prevalent and synthetically useful nucleophiles to create
substituted arene compounds.
It has long been known that coordination o f Tt-hydrocarbons to certain
organometallic moieties can reverse the reactivity of the it-hydrocarbon ligand.1
Transition metal centers, particularly metal carbonyl fragments, are effective 71electron withdrawing agents. This inductive effect transforms coordinated nhydrocarbon ligands from nucleophilic to electrophilic compounds. Once
transformed, 7r-hydrocarbon complexes can react with a wide variety of
nucleophiles. In the case o f coordinated arenes, this electrophilic behavior offers a
new and convenient route to mono- and disubstituted cyclic compounds
(Scheme I). Once formed, the mono-substituted cyclohexadienyl ligand can be
Scheme I

3
cleaved from the organometallic moiety oxidatively with rearomatization, forming
a mono-substituted arene. Also double nucleophilic addition to the arene results in
the reduction of one double bond to produce a disubstituted cyclohexadiene.
The most extensive work in this chemistry has focused on the reactivity of
cyclic 7T-hydrocarbons coordinated to chromium tricarbonyl ([Cr(CO)3]), r|5cyclopentadienyl iron cation ([CpFe]+), and manganese tricarbonyl cation
([Mn(CO)3]+) fragments. Strong nucleophiles such as organolithium reagents have
been found to react with neutral [(7)6-arene)Cr(CO)3] complexes producing anionic
t]5-cyclohexadienyl complexes (Scheme I).9 Addition o f a nucleophile (Nu)
followed by addition of an electrophile (E) is also known for the chromium system
which leads to disubstituted cyclohexadiene products.2,3 Following the addition of
an organolithium nucleophile, an alkyl halide electrophile such as methyl iodide or
benzyl iodide adds initially to the metal carbonyl fragment, followed by migratory
CO insertion, reductive elimination and spontaneous oxidative loss o f the metal
(Scheme II) producing a free disubstituted cyclohexadiene.3 However, the
synthetic versatility o f this chromium chemistry is limited because only strong
Scheme II

Nu

Cr(CO)3

Cr(CO)3

Nu

R -C r(C O )3

nucleophiles react and the range o f useful electrophiles is very limited.2
The cationic [(7]6-arene)CpFe]+ complexes seem to be more synthetically
useful. Both nucleophilic substitution and nucleophilic additions are known for
this system. Nucleophilic substitution occurs with coordinated chloroarenes and
nitroarenes.78 When [(r]6-chloroarene)FeCp]+ was reacted with O- or neutral
donor nucleophiles such as the diethyl malonate anion, substitution for the chlorine
was observed. Furthermore, some carbanions gave rise to SNAr substitution
reactions with chloroarene or nitroarene complexes, producing new C-C bonds
(Scheme III).
Scheme III
Nu

+ X‘

However, since the range o f reactants producing C-C bonds is limited,
nucleophilic addition reactions seem to be more synthetically useful. Early studies
o f the chemistry of [(arene)CpFe]+ involved hydride addition to
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[(r|6-benzene)CpFe]+ and a series o f methyl-substituted [(775-C6MenH6_n)CpFe]+
cations.4 Using NaBH4 as the hydride source, it was found that hydride added
exclusively to unsubstituted positions to give substituted neutral r|5cyclohexadienyl products.
Similarly, carbon-donor nucleophiles such as MeLi added to [(r|6arene)CpFe]+ cations exclusively to the arene ring at unsubstituted positions.6
Methylated arenes such as benzene, toluene,

xylene and mesitylene all gave this

result. An unexpected result occurred with [(rj6-C6Me6)CpFe]+. Addition
occurred only on the cyclopentadienyl ring.7 Other highly methylated arene
complexes such as durene and pentamethylbenzene also gave Cp substituted
isomers as minor products. This indicates that there is a steric component to the
nucleophilic addition reaction, with addition occurring preferentially at
unsubstituted positions.
These addition reactions are highly stereo- and moderately regiospecific for
both the [Cr(CO)3] and [FeCp]+ complexes. Both carbanion and hydride
nucleophiles add exclusively exo to the ring, that is the nucleophile adds on the
face o f the ring opposite the metal. Addition can be directed ortho, meta or para
by the appropriate halogeno or methoxy substituted benzene complexes.5
Activation o f cyclic Tt-hydrocarbons by [CpFe]+ facilitates nucleophilic
addition to the arene ring. However, it appears that the types of carbon-donor
nucleophiles that react with these compounds are limited. It is desirable that an
organometallic moiety sufficiently activate the arene ligand to allow efficient
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reaction with weaker, more synthetically useful nucleophiles such as Grignard
reagents and ketone enolates. [(Arene)Mn(CO)3]+ complexes are much more
electrophilic than the above compounds. In fact, the electrophilic transferability
factor ( Te) (which describes the electron withdrawing ability o f an organometallic
fragment) for [Mn(CO)3]+ is four orders of magnitude greater than that for
[Fe(Cp)]+ and vastly greater than that for the neutral [Cr(CO)3] moiety.1 Thus
these [(arene)Mn(CO)3]+ complexes should prove more synthetically versatile.
However, the use o f [(arene)Mn(CO)3]+ has been neglected for many years
because o f the coordination reaction.9 The strongly acidic conditions required for
coordination have limited the arenes that could be used, since many arenes
undergo isomerization or decomposition under such conditions.
A preparative study o f [(arene)Mn(CO)3]+ complexes was undertaken to
determine the scope o f arenes that could coordinate without modification or
isomerization.10 Three methods were found to be successful. The Fischer-Hafner
reaction (1 & 2) is performed under acidic conditions using A1C13 and
[Mn(CO)5Br]. The silver reaction (3 & 2) uses more gentle conditions with Ag+

[Mn(CO)5Br] + A1C13 - [Mn(CO)5]+ + AlCl3Br

(1)

[Mn(CO)5]+ + C6H6 - [(Ti6-C6H6)Mn(CO)3r + 2 CO

(2)

[Mn(CO)5Br] + Ag+- [Mn(CO)5]+ + AgBr + C6H6

(3)

7

[Mn2(CO)10] + 2 H+ + (CF3C 0)20 (solvent) - 2 [Mn(CO)5]+ + H2

X

O f4 |-M n (C O )3

CH2C12

x

+

(4)

(5)

Heat
Mn(CO)3+

as the halide abstractor, and finally the trifluoroacetic anhydride (TFAA) method
(4 & 2) uses strongly Bronsted acidic and oxidizing conditions. These methods
have been found to be moderately general in scope and are discussed in the Results
and Discussion section. Very recently, a new indirect arene exchange method of
coordination, which occurs under very mild, non-acidic conditions, has been
discovered (5).11 This further extends the scope o f arenes that can coordinate to
[Mn(CO)3]+.
Many different types o f nucleophiles are known to react with
[(arene)Mn(CO)3]+ complexes to give cyclohexadienyl products. The
[(arene)Mn(CO)3]+ cations are sufficiently electrophilic that even neutral donors
react to form cationic r|5-cyclohexadienyl complexes.12 Nucleophiles that add to
the arene ring include hydride, Grignards, enolates, cyanide, amine1, a-iminoester,
a-iminonitrile, a-sulfonyl, a-nitro, and a-haloester carbanions, nitrile anions,1314
and phosphines.15 O f particular interest is the ability o f [(arene)Mn(CO)3]+
complexes to react with mild carbanion nucleophiles such as Grignard reagents and
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ketone enolates to generate substituted cyclohexadienyl complexes (6).9 CH3MgCl
and PhMgCl added to a variety o f methyl, chloro, and methoxy substituted arene

R

RMgX
Xc

/

< B

< «

I

Mn(CO)3+

Mn(CO)3

complexes (Table 1). Most o f the product cyclohexadienyl complexes have been
found to be thermally stable.

Table 1. Nucleophilic Reactions with Various Substituted Arenes
X

R

yield (%)

H

ch3

84

H

C6H5

80

1- Cl, 4-CH3

ch3

90

1- Cl, 4-CH3

c 6h 5

90

2- OCH3

ch3

85

2- OCH3

C6H5

80

As with both the [Cr(CO)3] and [FeCp]+ complexes, nucleophilic addition
to [Mn(CO)3]+ complexes proceeds in a highly stereo specific and sometimes
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regioselective manner. Addition occurs exclusively exo to the arene. Furthermore,
RMgX is directed meta to the OMe for [(C6H5OMe)Mn(CO)3]+ and to CH3 in the
toluene complex. RMgX is directed ortho and meta in [(C6H5Cl)Mn(CO)3]+.
Double nucleophilic addition to [(arene)Mn(CO)3]+ complexes to give
neutral disubstituted 1,3-cyclohexadiene complexes is also possible.1617 These
reactions are rare because the electrophilicity o f the Tt-hydrocarbon is weakened
greatly after the first nucleophilic addition forms a neutral compound. However,
the neutral product can be reactivated with NOPF6. NO+ substitutes for a carbonyl
ligand, forming [(r| 5-cyclohexadienyl)Mn(CO)2(NO)]+ species. These cationic
complexes can react with C-, N-, P-, O-, S-, donor nucleophiles to yield exoaddition products or with H-donor nucleophiles to yield endo-addition.1619 This
endo-addition probably occurs by an initial interaction at a carbonyl to form a
formyl intermediate followed by migration to the ring. Consequently the presence
o f at least one carbonyl ligand is necessary to produce endo-addition.19 The second
nucleophile typically adds directly to the ring at the terminus of the 7r-system to
give c/s-diene products, though trans-products can be obtained by preliminary CO
attack, followed by acyl migration. Grignard reagents and hard C-donors are not
especially useful reagents for the second nucleophilic attack because they attack
the carbonyl ligand and not the ring.1617 Recently, it has been shown that very
strong nucleophiles such as (diphenylmethyl)lithium can add exo to the 7r-terminus
o f neutral rj5-cyclohexadienyl complexes without reactivation, confirming that the
[Mn(CO)3] fragment is a very strong electron-withdrawing group.20 A second
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nucleophilic addition to cyclohexadienyl coordinated to a chiral manganese center
results in diastereoselectivity in difunctionalized cyclohexadienes.21
Some strong carbanions have proven to add to a carbonyl in the neutral
cyclohexadienyl complexes [(r|5-C6H6R ,-exo)Mn(CO)3] where R ’= H, Me, or 4MeC6H4.22 Thus sequential addition o f two carbanions, Ph' and Me", to [(r|6C6H6)Mn(CO)3]+ gives the acylmetalates [Li(OEt2)]+[(q5C6H6R ’)Mn(CO)2{COR2}]" (R2= Ph or Me). This species is subject to reaction
with electrophiles such as Me3SiCl and [Me30]B F4, which results in o-alkylation
and formation of reactive carbene complexes (Scheme IV).
Scheme IV

R1
l_l

Ov

~ T

^ — Mn(CO)2
Ph

M e g S iC l,

[Me30 ] +
or

(CO)2M n= C
‘Ph

[Et30 ] H
R!=H, R2=Et
RJ=Me, R2=Me
R J=Me, R2=SiMe3

Although reactions o f electrophilic reagents with (arene)metal complexes
have been far less investigated than nucleophilic addition, electrophilic additions
are known for a few activated cyclohexadienyl complexes. These complexes are
typically prepared by deprotonation o f substituted arene complexes. Not only does
the cationic metal fragment increase the electrophilicity o f coordinated rings, but
the acidity of the ring substituents is also increased.23 The acidity is such that
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Bronsted bases such as KO^Bu or KH can deprotonate substituted complexes
forming cyclohexadienyl compounds which can react with a variety o f alkylating
electrophiles.
Preliminary work in this area has involved various [(arene)FeCp]+
complexes. Work with p^-fluorene complexes showed that treatment with a
stoichiometric amount o f base (KO'Bu) resulted in deprotonation o f the C(9)
proton with coordination to the six-membered ring retained (see Scheme V for
numbering).24 This product acted as a nucleophile with alkyl and aromatic halides
to give exo-addition at the activated C(9) position.2427 Reaction with acyl halides
gave both the original fluorene complex as well as the expected addition product.24
Other compounds which have been deprotonated include [(rj6-aniline)FeCp]+, [(r)6phenol)FeCp]+ and [(r|6-thiophenol)FeCp]+.25 Deprotonation gave neutral
cyclohexadienyl complexes with corresponding exocyclic C=N-R, C=0, or C=S
bonds. These exocyclic double bonds all reacted with Mel to give methylated
products. In fact a wide variety o f [(r|6-arene)FeCp]+ complexes display this
chemistry.26
When [(r|6-fluorene)Mn(CO)3]+ was investigated, it was found that weaker
bases such as Et3N could deprotonate the compound (Scheme V).27 This
demonstrated that the [Mn(CO)3]+complex was more acidic than the iron complex.
Conversely, the deprotonated complex was found to be a weaker base and a
poorer nucleophile, although reactions with alkyl halides did eventually proceed.
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Scheme V

Et3N
4 > /ii
I 4
Mn(CO)3

- HNEt3+
Mn(CO)3

Several [(rj6-arene)Mn(CO)3]+ complexes have been similarly deprotonated
at a- positions.2328'30 Arenes studied include hexamethylbenzene2830, phenol23,
toluene, ethylbenzene, and cumene.29 When [(hexamethylbenzene)Mn(CO)3]+ was
deprotonated the neutral cyclohexadienyl [(p5-pentamethylbenzyl)Mn(CO)3] was
produced.28 As Astruc found for his [(r|5-pentamethylbenzyl)CpFe] complex,31'33
the exocyclic methylene is highly activated (Scheme VI).28 Reactions with benzoyl
chloride, CC14 and CHBr3 produced [(t]6-C6(CH3)5(CH2R))Mn(CO)3]+compounds
(R=COPh, CC13 CHBr2). Reaction with I2 formed C-I bonds through nucleophilic
attack of the exocyclic methylene on I2.
Scheme VI

Fe

X

RX
RX= PhCOCl,
CH3I
Y

Y
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The exocyclic double bond in the [Mn(CO)3]+ complexes is not as
nucleophilic as that in Astruc’s iron complexes5134 since the carbonyl ligand does
not donate as much electron density to the metal as the Cp ligand does in [CpFe]
complexes.30 The reactivity o f the manganese complex can be enhanced by
replacing a carbonyl ligand with a phosphine ligand, thus increasing the electron
density on the metal, and consequently that on the methylene. With this enhanced
reactivity, the exocyclic double bond is observed to react with the metal-centered
electrophiles Mn(CO)5Br or CpFe(CO)2I to form C-M bonds in addition to the CC and C-I bonds previously reported. These findings proved that the
nucleophilicity o f the exocyclic methylene is dependent on the electronic
environment o f the metal.
The [(C6H5OH)Mn(CO)2PR3] complex demonstrates similar chemistry.23
Unique to this compound, and o f particular interest, is the consecutive nucleophilic
(Nu) and electrophilic (E) double addition to give the [(rj5-6-Nu-l-EOC6H5)Mn(CO)2L] (L=CO, PPh3, P(OMe)3) complexes. As with nucleophilic
addition to tricarbonylmanganese cation complexes, Grignard reagents and
organolithium reagents can be added. Alkyl halides can be used as electrophiles.
This makes the oxo-cyclohexadienyl complex an excellent precursor for the
synthesis of a wide variety o f 1,2-disubstituted benzenes.
Clearly coordination o f arenes to transition-metal centers, particularly to
[Mn(CO)3]+, greatly enhances their reactivity. The chemistry yields new and more
convenient routes to mono- and difimctionalized arenes. The following research
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describes a synthetic study o f [(arene)Mn(CO)3]+, as well as the synthesis,
structure and reactivity o f previously unknown [(r|5-cyclohexadienyl-lenone)Mn(CO)3] complexes.

Experimental
HPLC grade dichloromethane was purchased from Aldrich and was
distilled from CaH2 to remove water and HC1. Acetone was distilled from P4O10 to
remove water. Cyclohexane and benzene were distilled from CaH2 to remove
water. THF was purchased from Aldrich and distilled from NaCOPh2 to remove
water. Hexane was stored over sodium ribbon to remove any water. All aromatic
ligands were purchased from Aldrich and used as received.
Decacarbonylmanganese was purchased from Strem. Pentacarbonylmanganese
bromide10was prepared according to the literature, using cyclohexane solvent,
rather than CS2 or CC14. Anhydrous aluminum chloride was purchased from
Aldrich and kept in an argon-filled drybox to prevent hydrolysis. Silver
tetrafluoroborate was purchased from Aldrich and was stored in a desiccator
between use. Trifluoroacetic anhydride was purchased from Aldrich.
Tetrafluoroboric acid, aqueous (50%) and etherate (54%), was purchased from
Fluka. Triethylamine was purchased from Aldrich.
Infrared spectra were recorded on a Perkin-Elmer 1600 FTIR using a liquid
cell with CaF2 windows, and 1H- and 13C-NMR spectra were collected using a
General Electric QE-300 spectrometer. All arene salts were crystallized by slow
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diffusion o f ether into acetone or CH2C12 solutions prior to NMR analysis. This
was done to remove trace amounts o f paramagnetic manganese salts which
resulted from product decomposition. Decomposition points were recorded using
a Thomas Hoover Unimelt apparatus and are reported without correction.
Microanalyses were carried out by Galbraith Laboratories, Knoxville, TN.
Representative procedures for all reaction methods are given below.
Infrared bands are labeled as follows: s, strong; m, medium; w, weak; br, broad.

Preparation of [(T]6-Diphenylether)Mn(CO)3 ]PF6 - Fischer-Hafner
Method. [Mn(CO)5Br] (1.46 g, 5.30 mmol), A1C13 (2.03 g, 15.2 mmol), and
(C6H5)20 (5 mL, 30 mmol) were refluxed for 14 h in 50 mL o f cyclohexane under
a CaCl2 drying tube. As the reaction progressed, the cyclohexane changed from
orange to almost colorless. Simultaneously, a red oil formed beneath the solvent.
After cooling to 0°C, the solvent was decanted and the oil treated with 20 mL of
ice water. A yellow aqueous solution was formed. This was washed with diethyl
ether and the ether back-extracted with water. The combined aqueous layer was
treated with a solution ofN H 4PF6 (1.20 g, 7.35 mmol in 5 mL of H20 ). The
resulting yellow precipitate was collected and redissolved in acetone. It was
precipitated using ether to give a pale yellow powder (2.12 g, 4.68 mmol, 88%
yield).
Preparation of [(t|6-l,l-DiphenyIacetone)Mn(CO)3]BF4 Trifluoroacetic (TFA) Anhydride Method. TFA anhydride (15mL) was added
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to 1,1-diphenylacetone (1.26 g, 6.00 mmol). [Mn2(CO)10] (0.710 g, 1.82 mmol)
was added. The solution developed a brownish-orange color. Finally aqueous
HBF4(3 mL, 50% solution) was added, and the mixture was stirred in an ice bath
for 15 minutes. Caution: exotherm. After a minute, the dark brownish-red
colored solution underwent an exotherm, refluxing briefly despite the ice bath.
Once this reflux finished, the mixture was allowed to warm to room temperature
and was refluxed with stirring for 6 h. The color became brown. An IR was taken
by diluting a drop o f the mixture in CH2C12. Product was evident (2083 (s),
203 l(s, br) cm'1). The mixture was cooled and the solvent removed in vacuo. The
golden brown residue was then dissolved in 10 mL acetone and a slightly gummy,
dirty-yellow product precipitated by the addition o f ether. The product was
collected, redissolved in acetone and filtered. It was precipitated with ether and a
pale yellow powder was collected (1.238 g, 2.840 mmol, 78% yield).
Preparation of [(t|6 -Acenaphthene)Mn(CO)3]BF4 - Silver(I) Method.
[Mn(CO)5Br] (0.990 g, 3.60 mmol) and AgBF4 (0.792 g, 4.00 mmol) were placed
in a foil-wrapped Schlenk flask. Acenaphthene (0.880 g, 5.70 mmol) was
dissolved into 60 mL freshly distilled CH2C12 which was thoroughly degassed with
N2. This solution was added to the [Mn(CO)5Br]/AgBF4 mixture and then brought
to reflux with stirring under N2. Refluxing was continued for 3.5 h. The IR
spectrum revealed that coordination had occurred (2072 (s), 2011 (s, br) cm'1).
The solution was cooled in an ice bath for 15 minutes. The solution was filtered
through a bed o f Celite. The celite was washed with CH2C12 until all of the yellow
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color was removed. The bright yellow CH2C12 solution was concentrated to about
10 mL in vacuo and was precipitated with ether. The bright yellow precipitate was
collected and redissolved in CH2C12. It was precipitated using ether to give a
bright, yellow powder (0.903 g, 2.38 mmol, 66% yield).
Preparation of Phenylacetone.42 Acetonitrile (12mL, 0.230 moles), and
dry diethyl ether (125 mL) were stirred at -75°C under nitrogen. Benzyl Grignard
(80mL, 1M solution in ether) was added via cannula over the course o f 1 h. The
reaction slowly warmed to 25°C over 12 h. Once completed, any unreacted
Grignard was quenched with acetone and then water. The organic layer was then
separated and washed repeatedly with water. After drying over M gS04 for 1.5 h,
the ether layer was filtered, the ether then evaporated, and the clear liquid product
obtained (6.05 g, 0.045 moles, 19.6% yield).
Preparation of [(q6 - Phenylacetone)Mn(CO)3]BF4. Acenaphthene
Exchange Method. [(acenaphthene)Mn(CO)3]BF4 (0.394 g, 1.04 mmol) and
phenylacetone (0.290 g, 2.16 mmol) were placed in a 50 mL heavy walled glass
tube. Freshly distilled CH2C12 (20 mL) was added and the mixture degassed
thoroughly with Ar for 0.5 h. The pressure tube was then capped and placed in a
72°C oil bath with stirring for 12 h. The yellow-orange mixture was then cooled.
An IR was taken showing product (2082 (s), 2023 (s, br) cm'1). The yellow
solution was decanted and the yellow film on the tube was dissolved in a small
amount o f acetone. The acetone solution was added to the CH2C12 solution and
the volume was reduced to about 10 mL in vacuo. The mixture was precipitated
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with ether. The product was collected and dissolved in CH2C12. It was
precipitated with ether to give a pale yellow powder (0.143 g, 0.397 mmol, 38%
yield).
Preparation of [(t | 5 -C6H5=CPhC(0)CH3)M n(C 0)3]. (C2H5)3N
Deprotonation. Degassed toluene (30 mL) was added to [(p6 -1,1
diphenylacetone)Mn(CO)3]BF4 (0.626 g, 1.44 mmol). This mixture was stirred at
room temperature under N2 flow. (C2H5)3N (1 mL) was slowly injected to the pale
yellow suspension. The color quickly became a deep, clear orange. The solution
was stirred for 25 minutes. Product was evident by IR (2031 (s), 1964 (s,br),
1952 (m, br) c m 1). The solution was filtered through a bed o f celite to remove an
off-white sediment. The solvent was removed in vacuo leaving an orange solid.
The product was dissolved in boiling hexane and crystallized by cooling to -30°C
yielding a fine, bright orange, crystalline powder (0.351 g, 1.01 mmol, 70% yield).
Phenyl Grignard addition to [(qs-C6H5=CPhC(0)CH3)M n(C 0)3].
[(r|5 -C6H5=CPhC(0)CH3)M n(C0)3] (0.552 g, 1.58mmol) was dissolved in freshly
distilled THF (40 mL) and purged under N2 with stirring for 19 minutes.
C6H5MgCl (2 mL, 1M solution in ether) was added. The clear orange solution
turned dark brown. Stirring was continued for an additional 1 h. IR showed the
reaction to be complete (1996 (s), 1909 (s, br) cm'1). The brown solution was
washed with saturated aqueous NH4C1/H20 solution. The color became brownishyellow. A hexane/H20 extraction was then performed on the organic layer. The
dirty yellow hexane layer was collected and washed several times with a saturated
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N aH C 03 solution. The hexane layer was again collected and dried over M gS04
for 1.5 h. The solvent was removed in vacuo, giving an unidentified orange oil
product (0.430 g). The final product was observed by IR (2018 (s), 1949 (s, br),
1930 (m, br) cm'1).
Hydride addition to [(r\5 -C6H5=CPhC(0)CH3)M n(C 0)3]. [(p5 C6H5=CPhC(0)CH3)M n(C0)3] (0.157 g, 0.450mmol), NaBH4 (0.058 g, 1.54
mmol) and (C2H5)4NC1 (0.030g, 0.183 mmol) were combined and stirred at room
temperature under N2. THF (30 mL) was added by injection. The clear orange
solution turned dark red-orange. Stirring was continued for 2 h. IR showed the
reaction to be complete (2009 (s), 1930 (s, br) cm'1). The solution was filtered
through Celite and washed with a saturated NH4C1 solution. The color became a
lighter orange. An ether/H20 extraction was performed on the THF solution and
the ether layer collected. The yellow solution was dried over M gS04 for 1.5 h.
The solution was filtered and the solvent removed in vacuo. A yellow oil product
was obtained (0.111 g). The IR o f the final product in hexane was (2017 (s), 1945
(s, br), 1938 (m, br) cm'1).
Hydride addition to [(t)6 -1,1 diphenylacetone)Mn(CO)3]BF4. [(r|5 C6H5=CPhC(0)CH3)Mn(CO)3] (0.100 g, 0.287 mmol) was dissolved into THF (10
mL) and stirred under N2. A few drops o f HBF4 etherate diluted in THF were
added turning the orange solution to pale yellow. IR confirmed complete
conversion to [(r|6 -1,1 diphenylacetone)Mn(CO)3]BF4 (2075 (s), 2012 (s, br) cm'
*). NaBH4 (0.045g, 1.19 mmol) and (C2H5)4NC1 (0.020g, 0.121 mmol) were
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added to the solution and stirring continued for 1.5 h. The solution was filtered
over Celite and washed with a saturated NH4C1 solution. An ether/H20 extraction
was performed and the ether layer collected and dried with M gS04. The yellow
solution was filtered and the solvent removed in vacuo. A yellow oil product was
obtained (0.020g, 0.057 mmol, 20% yield). An IR in hexane was taken (2018 (s),
1938 (s, br) cm'1).
(CH3)3SiCI addition to [(rf -C 6H 5=CPhC(0)CH 3 )M n(C0)3]. [(r|5 C6H5=CPhC(0)CH3)M n(C0)3] (0.274 g, 0.787 mmol) was dissolved in CH2C12
and placed in a Schlenk flask with a condenser. The orange solution was stirred
under N2 and brought to reflux. TMSC1 (2.4 mL, 1M solution in THF) was added
via syringe. The color changed immediately from orange to yellow as faint clouds
o f precipitation formed. An IR o f the reaction mixture showed the reaction to be
complete after five minutes (2081 (s), 2026 (s), 1939 (s, br), 1929 (m, br) c m 1).
The mixture was precipitated using pentane and a yellow powder collected. The
product was dissolved in CH2C12 and again precipitated with pentane. It was
collected yielding a yellow powder which was later shown to be the ion pair 8
(0.769 g, 0.750 mmol, 30% yield).
Diels-Alder reaction of [(tj3- C6H 5=C H (0)Ph)M n(C 0)3] with
piperylene. [(r|5-C6H5=CH(0)Ph)M n(C0)3 (0.056 g, 0.167 mmol) and freshly
distilled toluene (25 mL) were mixed in a 50 mL heavy walled glass tube and
piperylene (0.01 mL, excess) was added. After heating in a 100°C oil bath for 20
h, the yellow mixture turned colorless. A silty, brown-red precipitate formed in
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the pressure tube. IR spectroscopy o f the solution and o f the precipitate were
weak and complex, indicating decomposition.

RESULTS
Arene Coordination
Two general classes o f methods for coordinating arenes to [Mn(CO)3]+
were used. The first class included direct methods (Fischer-Hafiier, silver(I), and
TFA anhydride). The second class was the indirect acanapthene exchange method.
A list o f the tested arenes which were found to coordinate to [Mn(CO)3]+ by one
or more of the three direct methods is presented in Table 2. Given the common
intermediate, [Mn(CO)5]+, for all three methods, it is not surprising that most o f
the arenes tested yielded a measurable amount o f product via each o f the direct
methods. Arenes which coordinated by the indirect exchange method are listed in
Table 3. Those aromatics which failed to yield desired product by any tested
method are listed in Table 4. Tables 5-7 contain characterization data for all new
[(rj6-arene)Mn(CO)3]+ species. Generally all o f the [(T]6-arene)Mn(CO)3]+ salts are
pale yellow powders. They are soluble in polar organic solvents. Also, they are
air- and moisture-stable solids and in solution decompose only slowly under air.
Alkyl-substituted aromatics such as benzene, mesitylene, durene,
isobutylbenzyene and bibenzyl all successfully coordinated to
manganesetricarbonyl. Yields were variable for each method tested, though the
TFA anhydride method generally provided the best yields. The surprisingly low
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yield for mesitylene by silver(I) could not be improved. Under Fischer-Hafner
conditions, rearrangements o f the methyl groups occurred during coordination of
durene. Proton NMR o f this durene product demonstrated that 52% consisted of
the unrearranged 1,2,4,5-tetramethylbenzene complex. The other two possible
tetramethylbenzene isomers arose and afforded complexes comprising about 30%
and 18% of the total product. The bibenzyl Fischer-Hafner product also appeared
to be an isomeric mixture, but it could not be further characterized. Conversely,
no rearrangements were found for mesitylene or isobutylbenzene.

Table 2. Synthesis Results for [(t|6- arene)Mn(CO)3]+ Complexes
yield (%)
arene

FischerHafner

c 6h 6

85

32

87

2086, 2026

l,3,5-C6H3Me3

57

19

64

2072, 2012

l,2,4,5-C6H,Me4

63

66

78

2069, 2008

C6H5CH,CHMe2

41

80

75

2082,2023

(C6H5CH2)2

42b

67

76

2081,2023

(C6H5)2

39

29

56

2081,2023

c

naphthalene

silver
(I)

0

TFA
anhydride

vcoa (cm'1)

d

2078, 2018

C6H5C1

64e

6

80

2087, 2036

C6H5Br

f

9

77*

2089, 2033

56eJ

52

60

2076, 2013

(C6H5)20

88

55

72

2081,2021

c 6h 5o h

0

69

74*

2077, 2017

35

16

89

2077, 2021

4-MeC6H4OMe

dibenzothiophene

23
(C6H5CH2)2CO

49

33

59

2082,2023, 1724 (w)

C6H5CH2COPh

2

59

77

2082,2024, 1691 (w)

1,1 -diphenylacetone

-

-

78

2082,2025, 1719 (w)

phenylacetic acid

60

2087,2037

2-methoxy phenylacetone

57

0

2076,2018, 1728 (w)

methyl phenylacetate

53

-

2082,2029,2025,
1743(w)

/3-tetralone

0m

phenylacetone

2074,2013,1712

-

8

2084,2031

a In CH2C12; all band intensities strong except as noted. b Mixture of isomers due to rearrangement.
c Tetralin complex isolated in 10% yield; see ref 11. d Trace (by IR). e Reference 7. f Benzene
complex isolated in 66% yield. 8 Product contaminated with [Mn(CO)6] \ h [(2- ClC6H4Mn(CO)5)Mn(CO)3]* isolated in 29% yield. 1In o- C6H4C12. 1Anisole product.

k Product contaminated with

free arene. 1Tris-complex formed (see page 42). mArene polymerization.

Table 3. Arene Exchange Products
arene

yield

vco (cm 1)

(%)
p-tetralone

43

2068,2015, 1733 (w)

4-methoxy phenylacetone

73

2077,2016, 1727 (w)

phenylacetone

38

2082,2023, 1726 (w)
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Table 4. Aromatic Substrates Which Did Not Coordinate to [Mn(CO)3]
acetophenone ethylene glycol ketal
benzyl alcohol

benzaldehyde

benzoic acid

coumarin

4-cyanotoluene

N, jV-dimethylaniline

1-indanone

4-methoxyacetophenone

4-nitroanisole

phenoxytrimethylsilane

phenyl acetate

phenylacetylene

safrole

tropolone

Table 5. !H-NMR Data for New [( 776 -arene)Mn(CO)3]+ Complexes
_________ arene______________________________ 'H-NM R^_________________
l,2,4,5-C6H2Me4

6.79 (s,2H, H^,), 2.50 (s, 12 H, Me)

C6H5CH2CHMe2

6.84 (mult, 3H, H „J, 6.66 (d, J=5.4, 2 H, Hc),
2.69

(d, J=6.6, 2H, CH2), 2.00 (m, 1 H, CH),

0.98 (d, J=6.2, 6H, Me)
(C6H5CH2)2

7.28 (mult, 5H, Hf), 6.90 (t, J=6.4, 2H, H J , 6.69 (mult, 3H, Hop),
3.14

(C6H5)2

4-CH3C6H4OMe

(mult, 4 H, CH2CH2)

8.03 (mult, 2 H, H J , 7.65 (mult, 3 H, H * of),
7.29

(d, J=6.7, 2 H, H0), 7.16 (t, J=6.5, 2 H, H J ,

6.82

(t, J=6.3, 1 H, Hp)

6.98 (d, J=5.6, 2H, H^,), 6.43 (d, J=5.6, 2H, H^,),
4.10 (s, 3 H, OMe), 2.45 (s, 3 H, Me)

(C6H5)20

7.64 (t, 1=7.8, 2 H, H^), 7.49 (t, J=7.5, 1 H, Hpf),
7.42 (d, J=8.3, 2 H, Hof), 7.19 (t, J=6.7, 2 H, H J ,
6.45 (d, J=7.0, 2 H. HJ, 6.38 (t, J=6.3, 1 H, H„)

C6H5OH

6.94 (t, J=6.3, 2 H, H J , 6.01 (mult, 3 H, Hop)

dibenzothiophene0

8.72 (d, J= 7.8,1 H, Hg), 8.31 (d, J=8.0, 1H, HO,
8.16 (d, J=6.9, 1 H, HO, 8.04 (d, J=7.1, 1 H, H4),
7.92 (t, J=7.5, 1 H, H6), 7.83 (t, J=7.6, 1 H, H7),
7.07 (t, J=6.5, 1 H, H3), 6.88 (t, J=6.5, 1 H, H2)

(C6H5CH2)2CO

7.28 (mult, 5 H, HO, 6.86 (t, J=6.0, 2 H, Hm),
6.79 (t, J=6.0, 1 H, Hp), 6.69 (d, J=6.0,
4.30

C6H5CH2COPh

(s, 2 H, CH2),

2 H, Hc),

4.04 (s, 2 H, CH2)

8.12 (d, J=7.2, 2 H,Ho0, 7.69 (t, J=7.0, 1 H, HpO,
7.58 (t, J=6.7, 2 H, H„J, 6.88 (m, 5 H, Hon,p),
4.82

1,1 -diphenylacetone

(s, 2 H, CH2)

7.54 (mult, 5 H, HO, 7.14 (d, J=6.5, 1 H, HO,
6.97 (t, J=6.2, 1 H, H3or4), 6.70 (mult, 3 H, H25;3or4),
5.70 (s, 1 H, CH), 2.26 (s, 3 H, Me)

2-methoxy phenylacetone

7.08 (t, J=6.5, 1 H, H4), 7.01 (d, J=6.2, 1 H, H2),
6.52 (d, J=7.2, 1 H, HO, 6.24 (t, J=6.3, 1 H, H3),
4.16 (s, 3 H, OMe), 4.13 (q, J=14.1, 2 H, U ^ h),
2.32 (s, 3 H, Me)

phenylacetone

6.88 (t, J=6.3, 2 H, H J , 6.80 (t, J=5.9, 1 H, Hp),
6.70 (d, J=6.15, 2 H, Hc), 4.23 (s, 2 H, CH2), 2.32 (s, 3 H, Me)

a All spectra in CD3CO CD3; J values given in Hz. b Subscript f refers to
noncoordinatied ring.c For numbering scheme, see text.
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Table 6 .
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C-NMR Data for New [(f]6 -arene)Mn(CO)3]+ Complexes

__________ arene___________________________ 13C-NMRa-b_______________
l,2,4,5-C5H2Me4

(218), 115.7, 103.8, 18.0

C6H5CH2CHMe2

(216), 123.7, 103.8, 101.1, 99.0, 43.5, 31.5, 22.1

(C6H5CH2)2

(216), 140.4, 129.7, 129.6, 127.6, 123.8, 103.3, 101.4,
99.6, 37.2, 36.8

(C6Hs)2

(216), 133.0, 132.3, 130.6, 128.9, 120.9,103.9, 99.3, 98.3

4-CH3C6H4OMe

(218), 148.6, 108.3, 105.4, 84.3, 58.9, 19.1

(C6Hs)20

152.7, 149.0, 132.0, 128.5, 121.5, 105.9, 92.6, 86.2

C6H5OH

(218), 154.2, 107.0, 86.7, 86.1

dibenzothiophene

143.2, 140.1, 136.4, 132.9, 131.5, 128.2, 125.6, 125.1,
124.2, 123.7, 122.9, 122.3

(C6H5CH2)2CO

(216), 203.2, 134.9, 130.8, 129.4, 127.9, 116.0, 103.3,
102.2, 100.6, 49.9, 46.0

C6H5CH2COPh

(216), 195.5, 136.8, 134.8, 129.7, 129.2, 116.1, 103.7,
102.0, 100.9, 43.2

1,1 -diphenylacetone

(215), 204.3, 135.8, 134.8, 130.7, 130.1, 129.9, 129.4,
118.1, 113.8. 105.0, 103.0, 98.9, 98.7, 60.9, 29.9

2-methoxy phenylacetone

(217), 207.2, 148.9, 108.1, 107.7, 105.1, 104.6, 99.9,
80.2, 59.1,42.1

phenylacetone

(216), 170.0, 115.4, 103.3, 102.0, 101.2, 53.0, 38.4

a All spectra in CD3CO CD3, except as noted. b Mn-CO peaks, where observed,
indicated in parenthesis.
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Table 7. Analysis Results for New [(t]6- arene)Mn(CO)3 J+X' Complexes
arene

X'

decomp

theory

found

pta

(%)

(%)

(°C)
l,2,4,5-C6H2Me4

C6H5CH,CHMe2

(C6H5CH2)2

(C6H5)2

4-CH,C6H4OMe

(Q H 3)20

c 6h 5o h

dibenzothiophene

(C6H5CH2)2CO

C6H5CH2COPh

b f 4-

p f 6-

b f 4-

b f 4-

b f 4-

pf6

b f 4-

b f 4-

b f 4-

b f 4-

217

131

161

166

126

200

223

155

132

134

C

43.37

C

43.40

H

3.93

H

3.91

C

37.34

C

36.15

H

3.38

H

3.16

C

50.03

C

49.46

H

3.47

H

3.43

C

47.41

C

46.11

H

2.66

H

2.80

C

37.97

C

37.73

H

2.90

H

2.78

C

39.67

C

39.59

H

2.22

H

2.26

C

33.79

C

33.81

H

1.89

H

1.85

C

43.93

C

41.50

H

1.97

H

1.90

C

49.57

C

49.02

H

3.24

H

3.56

C

48.38

C

47.75

H

2.87

H

2.95
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1,1 -diphenylacetone

2-methoxyphenylacetone

phenylacetone

b f 4-

b f 4-

b f 4-

c

49.58

C

48.61

H

3.24

H

3.50

C

40.04

C

39.59

H

3.10

H

3.26

C

40.04

C

38.09

H

2.80

H

2.80

Haloarene coordination resulted in low yields using the silver(I) synthesis.
However, chlorobenzene was easily coordinated to [Mn(CO)3]+ by the other direct
methods. Bromobenzene coordination only gave acceptable yields by the TFA
anhydride method. However, even this [(r|6-C6H5Br)Mn(CO)3]+ product was
slightly contaminated with [Mn(CO)6]+. Though bromobenzene appeared to
successfully coordinate to [Mn(CO)3]+ during the Fischer-Hafner reaction
(IR v cm1: 2083, 2031 in situ), after aqueous workup the product bands were 2085
and 2025 c m 1. This indicated that the desired product transformed to the benzene
product during workup. This was further confirmed by ’H-NMR.
Generally all aromatics bearing an oxygen atom on the ring coordinated by
each method with good yields similar to those for alkyl benzenes. Phenol however
did not coordinate using the Fischer-Hafner method, and when prepared by the
TFA anhydride method was complicated by byproduct formation of [Mn(CO)6]+.
When prepared by the silver(I) method in nonacidified CH2C12, a nearly equal
mixture of the phenol complex (2073, 2018 c m 1) and its conjugate base (2048,
1981 cm'1) was detected by infrared spectroscopy as shown in Figure 1A.
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Acidification of the mixture led to complete reprotonation of the ketone oxygen,
Figure IB.
Figure 1. A. Infrared Spectrum of [(Tj6 -phenol)Mn(CO)3]+ and [( 77sC6 HsO)Mn(CO)3] in CH 2 C12
B. Infrared Spectrum of [(Tj6-phenol)Mn(CO)3]+ and [(rj5C6 HsO)Mn(CO)3] Mixture After Addition of a Drop of HBF 4
Etherate

A

Abs,

.2100

2000

1900

2100

20C0

1900

The novel dibenzothiophene (DBT) complex (1) was synthesized in high
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yield by TFA anhydride. However, the other direct methods produced very low
yields. Its NMR behavior indicated the coordination o f a single fused benzene ring
to manganese. Although a variety o f transition metal complexes bearing S-bound
DBT are known, most reported have been coordinated through the five membered
ring. In fact, this is only the third r|6-complex to be reported.10

Mn(CO)3

Mn(CO)3+

New p-ketoarene complexes were also formed by the direct methods.
These arenes include 1,3-diphenylacetone, deoxybenzoin, 1,1-diphenylacetone,
phenylacetic acid and 2-methoxyphenylacetate. All o f these species gave NMR
spectra which indicated a single arene ring coordinated to the metal. In the case of
the deoxybenzoin product, protons on the ring which was out o f conjugation with
the carbonyl underwent the upfield shift indicative o f coordination. The protons
on the conjugated ring were essentially unaffected. A single crystal X-ray
structure was obtained for the 1,3-diphenylacetone complex. This structure is
discussed below.
Several p-ketoarenes coordinated to [Mn(CO)3]+ via the indirect
acenapthene exchange method as well. This method uses nonacidic conditions.
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These arenes included phenylacetone, P-tetralone and 4-methoxyphenyl acetate.
Several o f the arenes tested using the three direct methods reacted to such
an extent with TFA anhydride/HBF4 as to render them useless. These arenes
included tropolone, benzyl alcohol and phenylactylene. Neither could these arenes
be coordinated to [Mn(CO)3]+ by the Fischer-Hafiier or silver(I) methods.
Deprotonation Results
As expected the carbon a to the coordinated arene ring and the ketone
carbonyl in complexes 2 was easily deprotonated using the mild base triethylamine.
The average reaction time was relatively short, taking only 15 minutes to reach
completion at room temperature. The product was easily separated from the
HNEt3BF4 byproduct salt as the former was soluble in the reaction solvent,
toluene, while the latter was not. In spite o f this, slight contamination did occur
causing some products to be oily. Further purification by recrystalization from
hexane typically yielded solid product.
Ph

Mn(CO)3

Mn(CO)3

3

Mn(CO)3

5

4

Mn(CO)3

6

Mn(CO)3

7

A list o f deprotonated [(776-/3-ketoarene)Mn(CO)3]+BF4‘ complexes is
presented in Table 8. Only the phenylacetic acid complex failed to give desired
deprotonated products under any circumstances. Tables 9-11 contain
characterization data for all new [(rf-cyclohexadienyl enone)Mn(CO)3] products
All o f these neutral products were bright orange solids or oils. This variability in
product consistency was probably dependent on byproduct contamination. The
products were very soluble in polar organic solvents and slightly soluble in non
polar organic solvents such as hexane. In the solid state they were air-stable, yet
moisture sensitive. In solution the [(r]5-cyclohexadieneyl enone)Mn(CO)3]
products decompose very slowly under air.

Table 8 . Synthetic Results for [(rj5-cyclohexadienyl enone)Mn(CO)3]
Complexes
arene deprotonated

product

yield

vco (cm 1)

(%)
1,3-diphenylacetone

4

44

2033, 1970, 1952, 1638 (w)

deoxybenzoin

5

74

2035, 1972, 1953, 1638 (w)

1,1 -diphenylacetone

3

90

2031, 1964, 1952, 1636 (w)

2-methoxyphenylacetone

6

50

2025, 1958, 1940, 1646 (w)

phenylacetone

7

62

2035, 1969, 1951, 1644 (w)
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Table 9. JH-NMR Data for New [(r/5 -cyclohexadienyl-enone)Mn(CO)3J
Complexes
complex
3

1H-NMRa,b
7.42 (t, J=7.4, 2 H, H^J, 7.31 (t, J=7.3, 1 H, H^),
7.14 (d, J=7.3, 2 H, Hfo), 6.91 (br s, 1 II, H5),
5.73 (br s, 1 H, H4), 5.43 (mult, 2 H, H23), 4.05 (br s, 1 H,
H3), 1.83 (s, 3 H, Me)

4

7.24 (mult, 5 H, Hf), 6.74 (d, 1H, J=7.1, H5),
5.75 (t. J=6.9, 1 H, H4), 5.62 (t, J=6.3, 1 H, H2),
5.37 (t, J=5.7, 1 H, H3), 4.92 (s, 1 H, H6),
4.57 (d, J=7.1, 1 H, H,), 3.55 (s, 2 H, CH2)

5

7.85 (d, 2 H, Hfo), 7.41 (mult, 3 H, H ^ p), 6.99 (d, J=6.8, 1 H, Hs),
5.85 (t, J=6.3, 1 H, H4), 5.71 (t, J=6.0, 1 H, H2), 5.68 (s, 1H,
H6), 5.44 (t, J=5.4, 1 H, H3), 4.81 (d, 1 H, Ht)

a All spectra in CD3COCD3; J values given in Hz. b Subscript f refers to
noncoordinatied ring.

Table 10.
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C-NMR Data for New [(r]5 -cyclohexadienyl-enone)Mn(CO)3]
Complexes

Complex
3

13C-NMR^b
(220), 140.0, 139.8, 131.3, 129.6, 129.1, 128.9, 127.4, 127.2,
110.0, 102.6, 101.3,74.6, 77.2,29.9

34
4

(219), 143.0, 137.8, 130.1, 129.9, 129.4, 129.1, 127.7, 126.9,
94.9, 103.5, 102.5. 78.6, 68.6, 49.7, 30.4

5

(220), 189.5, 143.4, 141.6, 130.9, 128.3, 127.4, 103.2, 102.1,
92.0, 79.0, 78.6

a All spectra in CD3CO CD3, except as noted. b Mn-CO peaks, where observed,
indicated in parenthesis.

Table 11. Analytical Data for [(ri5-cyclohexadienyl enone)Mn(CO)3]
Complexes
Complex
3

4

5

7

Theory (%)

Found (%)

C

62.08

C

61.92

H

3.76

H

3.96

C

61.10

C

61.12

H

3.32

H

3.29

C

62.08

C

61.67

H

3.76

H

3.76

C

53.00

C

53.52

H

3.33

H

3.48

Product yields were variable. The anomalously low yield of 4 could be
neither explained nor improved. 3 gave an exceptionally high yield o f a very pure
crystalline solid. The crystallinity o f the product was most probably due to the
presence o f only one a-hydrogen available for abstraction. This precluded the
possibility of a cis/trans mixture o f isomers being formed. Furthermore, the high
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yield was probably the result o f resonance stabilization o f the product by the
uncoordinated phenyl ring.
Complex 4 was a gummy and slightly contaminated solid. Complexes 6
and 7 were moderately contaminated oils. Products 5 and 3 were highly crystalline
and did not require additional purification. A single crystal X-ray structure was
obtained for 5 and is discussed below. Neither phenylacetic acid nor 4methoxyphenyl acetate yielded desired product, as indicated by infrared
spectroscopy. No further testing o f these compounds was performed. Due to the
excellent yield and purity o f 3, this compound served as the focus o f all reactivity
experiments.

Nucleophilic Addition to [(l^-cyclohexadienyl enone)Mn(CO)3] Complexes
A variety of nucleophiles were added to 3, followed by acidic workup
using a saturated aqueous solution o f ammonium chloride. It was expected that
this reaction would yield conjugate addition products (Scheme VII). Nucleophiles
tested included Grignards, sodium dimethylmalonate, methyl lithium, lithium
phenylacetylide, hydride and deuteride. Sodium dimethylmalonate was not
sufficiently nucleophilic to react with 3. All other nucleophiles reacted with 3 to
produce yellow oils which were purified by chromatography with C6H 14 on Al20 3.
These products were relatively air- and moisture-stable, but they did decompose
very slowly in solution. Spectral data were not conclusive for these products.
Infrared spectroscopy demonstrated a uniform conversion of starting material to
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product by all tested nucleophiles (Table 12). NMR data were too complex for
accurate interpretation. One salient feature among the proton NMR data for all
products was the presence o f resonances that indicated a coordinated dienyl
system (5.36ppm, d, 2H; 4.57ppm, t, 2H; 4.15ppm, t, 1H). Otherwise, the NMR
data only indicated great product complexity which was attributed to a mixture of
isomers.
Scheme VII

c H3 1,4 addition
Nu"

- H+

Nu~

.CH.

CH.

I

Ph

Mn(CO)3+

+ HH
Mn(CO)3

Mn(CO)3

1,2 addition
H+

Nu'

Ph

Ph
Nu

CH

Nu

OMn(CO)3

Mn(CO)3

H+
Ph
Nu
OH

Mn(CO)3

CH.

CH.
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Table 12. Products of Nucleophilic Addition to 3
nucleophile
__________________________________
PhMgC!

in-situ
final
Vco (cm~‘)b_________________ vco (cm ])‘________

1996, 1909, 1828, 1737 (w),

2017, 1948,1930, 1723 (w)

1673 (w), 1595 (w)
MeMgCl

-

2018, 1945, 1939, 1729 (w),
1721 (w)

PhCH2MgCl

1996, 1916, 1906, 1719 (w),
1 6 0 2 (w)

MeLi

2018, 1949, 1930, 1724 (w),
1670 (w)

2009, 1989, 1971, 1933, 1922,
1887, 1877, 1604 (w)

lithium phenylacetylide

2055 (w), 1992, 1974, 1912 (br)

2021, 1973, 1950, 1941, 1730 (w)

hydride/deuteride

2009, 1930, 1831, 1808, 1716 (w)

2017, 1945, 1938, 1600 (w)

3 All nucleophiles added to 3 b Spectra in THF. c Spectra in C6H 14 unless
otherwise noted.

At first the extra resonances were thought to result from decomposition or
rearrangement o f the product due to residual acid from the product workup. To
eliminate any residual acid, the product, after workup, was washed thoroughly
with a saturated sodium bicarbonate solution. After all effervescence ceased upon
washing with sodium bicarbonate, the organic product layer was taken into hexane
and then separated from the aqueous layer. Although the resultant product yielded
distinctly sharper infrared spectra, and a much clearer, brighter yellow product, no
change in product was noted by NMR. Purification by careful chromotography
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through a column o f alumina treated with triethylamine also failed to improve the
NMR data.
Finally two alternative workup procedures were attempted for the hydride
reaction. The first alternative method used iodomethane rather than ammonium
chloride in an attempt to alkylate the anion resulting from nucleophile addition.
However, iodomethane failed to react with the product as indicated by IR
spectroscopy. The next alternative used Ph2P=N=PPh2+Cl' instead o f NH4C1. This
was attempted in order to trap the expected anion in order to protect it from any
electrophilic attack. This method failed however, yielding a very complex IR
spectrum which could not be interpreted.
Finally, a hydride addition to [(r|6-l,l-diphenylacetone)Mn(CO)3]+ instead
o f 3 was attempted. Surprisingly, IR spectra indicated that this reaction yielded
the same product as the hydride addition with acidic workup to 3. At this point no
further nucleophilic addition reactions were attempted.

Electrophilic Addition to [(Ti5-Cyclohexadienyl enone)Mn(CO)3] Complexes
The nucleophilicity o f the new [(r|5-cyclohexadienyl enone)Mn(CO)3]
compounds was tested by reacting the compounds with a variety o f electrophiles.
Table 13 lists the electrophiles tested for each coordinated dienyl enone.
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Table 13. Electrophiles Reacted with Complexes 3 and 5
CH3+( 0 3SCF3)-

l-C 6H 13Br

( c 2h 5)3o +b f 4-

Ph3C+PF6-

n h 4+p f 6-

PhN2+BF4

PhCH2Cl

[Mn(CO)5Br]

CH3I

Me3SiCl

C7H7+SbF6‘

Ph3SiCl

The stronger electrophiles tested included, CH3+( 0 3SCF3)', (C2H5)30 +BF4',
and NH4+PF6\ First the [(r|5-cyclohexadienyl enone)Mn(CO)3] complex was
dissolved in freshly distilled THF, then the electrophile was added. Upon addition,
the orange solution turned yellow, accompanied by a shift in the carbonyl IR
frequencies. However, further investigation by NMR indicated that the final
product was in fact the [(r|6-arene)Mn(CO)3]+ salt. Apparently adventitious H+
was causing reprotonation instead o f electrophilic attack.
To further prove that this was the case, strong electrophiles were reacted
with 3, followed by the addition o f Et3N. Since 3 has no a-proton available for
abstraction, if electrophilic addition was occurring, the expected product should
not exhibit a deprotonation upon addition o f Et3N (Scheme VIII). However, if
reprotonation was occurring, clearly the regenerated [(r|6- 1,1diphenylacetone)Mn(CO)3]+ salt product could be deprotonated back to 3 by Et3N.
The latter was found to occur.
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Scheme VIII

h3c,
:Q

N

E t 3

I
Ph
Mn(CO)3+

Mn(CO)3

3

-HNEt3

NEt3
No reaction

I
Ph
Mn(CO)3 +

Other electrophiles tested included CH3I, C7H7+S6F6", PhN2+BF4",
Ph3C+PF6", [Mn(CO)5Br], benzyl chloride and 1-bromohexane. Reactions were
carried out under the same conditions as above, and again only reprotonation was
observed.
Next, several oxophilic silyl electrophiles were tested. Ph3SiCl and
Me3SiCl were added to 3 dissolved in CH2C12. When a slight excess o f Ph3SiCl
was added to the orange dienyl enone solution, the mixture immediately turned
from orange to yellow. IR spectroscopy o f the product in situ showed peaks at
2081, 2025, 1938, 1925 and 1716 cm"1. When compared with the spectrum of
[(r|6- 1,1 diphenylacetone)Mn(CO)3]+ (2081, 2025, 1716 c m 1) it appeared that
the reaction yielded a mixture o f reprotonated p-ketoarene complex and
electrophilic addition product. !H NMR of this product was too complicated in
the phenyl region to characterize what type o f addition was occurring.
In order to reduce the complexity of the phenyl region, Me3SiCl was tested
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next. As with the previous reaction, the orange CH2C12 solution immediately
turned yellow upon addition o f the electrophile. The IR spectrum o f the product
was comparable to the previous addition product. A 4:1 pentane/CH2Cl2 solution
was used next, but no change in the reaction was noted. Next, the reaction was
carried out, again in CH2C12, but this time in the presence of proton sponge (1,86/s(dimethylamino)naphthalene). It was hoped that the proton sponge would
scavenge any free protons to prevent protonation o f the dienylenone. However,
once again the reaction yielded the same product as shown by IR spectroscopy.
X-ray quality crystals o f this product were grown by slow diffusion of
hexanes into CH2C12. The structure o f the resultant product was unexpectedly
found to be the manganese carbonyl complex ion pair 8. The single crystal X-ray
structure of this product is discussed below.

^

C1\

(CO)3M n — C l

Mn(CO)3

X CK

Mn(CO)3

8
Me3SiCl also was added to 5. First [(q6 - DOB)Mn(CO)3]+ was dissolved
in toluene and deprotonated with Et3N. A vast excess o f Me3SiCl was then added.
A sticky yellow solid formed and was collected (IR: v 2079, 2024, 1935 cm 1). An
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oily red precipitate (IR: v 2039, 2024, 1970, 1934 cm"1) then formed upon the
addition o f pentane. These two precipitates were combined, filtered and
precipitated with pentane, yielding a yellow product (IR: v cm12024, 1934). These
results are very similar to those observed with 3. Interestingly, the IR frequency at
2080 cm'1 was conspicuously absent. Me3SiCl was added to 4 in the same manner
as with 5. Again, results similar to those with the reaction o f 3 were observed.
The yellow solid collected had IR frequencies o f 2080, 2024, 1935, 1723 and 1606
cm'1.

Condensation reactions of [(T)s-cyclohexadienyl enone)Mn(CO)3]
An imine condensation reaction o f a primary amine with 3 was attempted.
Complex 3 was dissolved in toluene, placed in a Dean-Stark apparatus, and /propylamine added. After 12 hours the product was examined by infrared
spectroscopy (v (c o '): 2022, 1956, 1940, 1930, 1746(w), 1729(w)). This was
clearly not the expected product, and further trials were consequently suspended.

Cycloaddition reactions of [(T]s-cyclohexadienyl enone)Mn(CO)3]
Finally, several Diels-Alder reactions were attempted to test possible
cycloaddition chemistry o f the novel [(r|5-cyclohexadienyl enone)Mn(CO)3]
complexes. Complexes 5 was mixed in hexanes and placed in a sealed heavy walled
glass tube. After addition o f a slight excess o f piperylene (1,3-pentadiene), the
mixture was heated for three hours and inspected by IR spectroscopy. Only
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decomposition products were observed. A similar reaction in toluene yielded the
same results. Next, a Diels-Alder reaction of 3 with freshly cracked
cyclopentadiene was attempted. However, as with the above reactions, only
decomposition was detected.

Discussion
Scope of the Metalation Reaction
The scope o f the arene metalation reaction can be evaluated by comparing
Tables 2 and 4. Three factors seem to be significant in determining the relative
coordinating abilities o f various aromatic molecules, namely acid-sensitivity,
electronic character and the presence o f lone electron pair-bearing heteroatoms on
the arene. Although these three factors are certainly interrelated, the electronic
character of the arene substrate seems to be the most important factor in its
coordinating ability. It may be recalled that the [Mn(CO)3]+ fragment is very
electron-deficient.1 Arene substrates with electron-donating substituents, by
induction or resonance, are activated towards coordination. This increased
electron density about the arene leads to increased stabilization o f the coordination
product. Therefore it is reasonable that aromatics with electron-donating
substituents, such as alkyl and ether groups, should readily coordinate. Phenol and
dibenzothiophene also donate electron density through induction and both were
prepared in high yield by one or more o f the direct methods.
Conversely, electron-deficient arenes were expected to coordinate only

very weakly, if at all, to [Mn(CO)3]+. Nonetheless, aryl substituents were not
sufficiently electron-withdrawing to prevent coordination. However, the yields
were low to moderate for all methods. The more electron-deficient fused ring
substrate, naphthalene, is electron-withdrawing via resonance, and indicated only
trace amounts o f coordinated product by infrared spectroscopy.
The failure o f the activated ligand N,N-dimethylaniline to coordinate was
most likely because o f protonation under the acidic reaction conditions. Upon
protonation, N,N-dimethylaniline converts to the highly electron-deficient
anilinium ion. Electron-deficiency also prevented metalation of arenes bearing
cyano, nitro, and a-carbonyl groups. Since carbonyl groups are o f great
significance in organic synthesis, a variety o f carbonyl aromatics were investigated.
It was found that repositioning the carbonyl carbon from a to P with respect to the
arene, allowed for coordination. In the case o f deoxybenzoin, metalation occurred
exclusively at the nonconjugated ring. This was strong evidence that it is indeed
resonance electron-deficiency via the conjugated carbonyl that prevents arene
coordination. The failure o f coumarin (9) to coordinate further confirms this
conclusion.
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Finally, the chemistry o f aryl halides proved to be very interesting since
halide substituents are electron-donating by resonance, but are electronwithdrawing through induction. Overall they are deactivating toward FriedelCrafts chemistry, and thus are expected to coordinate only with difficulty.10
Coordination o f chlorobenzene and bromobenzene by the TFA anhydride method
proceeded with good yields, though the latter product was contaminated with
[Mn(CO)6]+. Both arenes coordinated with reproducibly low yields by the silver
(I) method, possibly due to the high affinity o f silver for complexation with
halogens, resulting in a deactivated Ph-X-Ag+ complex. The Fischer-Hafiier
chemistry proved to be the most interesting. As Pauson found, chlorobenzene
coordinated in 64% yield while bromobenzene underwent significant
debromination to give a mixture o f the t]6-bro mo benzene and benzene cationic
complexes.10 The current study showed this debromination to occur during the
hydrolysis step of the Fischer-Hafiier synthesis. Though the conditions during this
step are highly acidic, it seems unlikely that electrophilic attack on the complex by
H+ occurs since the complex is already highly electron deficient. Indeed the
mechanism involved is rather obscure, and a free radical mechanism cannot be
ruled out.
The second most important factor which affected coordination to
[Mn(CO)3]+ was the acid-sensitivity o f the aromatic substrates. All three direct
methods for coordination operate under acidic conditions. The Fischer-Hafiier and
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TFA anhydride methods require an excess o f strong Lewis or Bronsted acid
respectively. Such conditions will destabilize some arenes, while acid-promoted
reactions occur with others such as aromatic ketones. Also, lone pair-bearing
functionalities can form complexes with the strong Lewis acid employed in the
Fischer-Hafiier synthesis. This leads to a lessening of electron density in the nsystem, thus preventing coordination. Furthermore, acid-induced alkyl
rearrangements can occur under the Fischer-Hafiier conditions, as was seen with
durene (Scheme IX). Thus this is certainly not the method
o f choice for polyalkylated aromatics. The silver (I) synthesis uses the mildest
conditions of the three. It uses only stoichiometric amounts o f a mild and highly
halide-specific Lewis acid, which is unlikely to react with most arenes.
Nevertheless, most arenes which failed to coordinate under the harsher conditions
o f the other direct methods also failed to coordinate by this method.
Scheme IX

Mn(CO)3+

Mn(CO)3+

Mn(CO)3+

It was because o f this acid-sensitivity that the indirect acenaphthene
exchange method was used to coordinate several j3-ketoarenes without any acidinduced side reactions o f the arenes themselves.11 Since the acenaphthene complex
is an excellent manganese tricarbonyl transfer reagent it was possible to produce,
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with little or no contamination, the /3-tetralone, phenylacetone, and 4methoxyphenylacetone cationic complexes by substitution o f acenaphthene with
the desired arene under mild, non-acidic conditions. This led to purer complexes
than were formed using the TFA anhydride method. Neither the Fischer-Hafiier
nor the silver (I) methods yielded the )3-tetralone, phenylacetone, and 4methoxyphenylacetone cationic complexes.
Finally, the third factor which can affect arene coordination to [Mn(CO)3]+
is the presence o f lone pair-bearing heteroatom substituents. Such substituents
could preferentially coordinate to the metal in a ofashion. This was observed in
the silver(I) synthesis o f /3-tetralone and phenylacetone. Coordination occurred at
the lone pair o f electrons on the ketone oxygen, thus forming a tris complex such
as 10. The tris complex was observed by infrared spectroscopy.
Ph

10

However, all o f the /3-ketoarenes studied were successfully coordinated in an rffashion by at least one or more o f the four methods (Table 2).
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Comments on the Individual Methods.
No one o f the three methods stands out as the method o f choice, though
the TFA anhydride method generally gave the best yields for acid-insensitive
substrates. The following comments address the advantages and disadvantages of
each direct method.
The Fischer-Hafiier synthesis is convenient and does not require an inert
atmosphere, though the A1C13 reagent does require storage in a desiccator to
prevent hydrolysis o f the reagent. Most hydrocarbon substrates coordinated in
high yields by this method, and the Fischer-Hafiier synthesis proved to be the most
effective for ether substrates. However, the Fischer-Hafiier method proved poor
for coordinating polyalkylated arenes because o f the retro Friedel-Crafts Jacobsen
rearrangements (e.g. with durene). Furthermore, progressive monitoring o f the
reaction by infrared spectroscopy is usually impossible since the products formed
are insoluble in the cyclohexane solvent.
The TFA anhydride synthesis is good because it too does not require an
inert atmosphere and it produces high yields for most substrates. In fact, the best
yields for aryl halides, and most /3-ketoarenes were observed with the TFA
anhydride method. Furthermore, reaction monitoring by infrared spectroscopy is
possible by diluting a drop o f the reaction mixture in CH2CI2. There are however
several serious disadvantages to the TFA anhydride synthesis. The TFA anhydride
solvent is moderately expensive and produces very corrosive and irritating fumes.
Great care must be taken when evaporating the solvent during work-up.
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Furthermore, many arenes are unstable under such strongly Bronsted acidic
conditions. And finally, [Mn(CO)6]+ byproduct is often a contaminant in products
obtained by this method.
The silver (I) reaction is the mildest o f the three direct methods, and is thus
the method of choice for most acid-sensitive arenes. This method is also easily
monitored by infrared spectroscopy. However, this method often gives
unpredictable yields and very low yields for halide-bearing aromatics. Also, the
silver (I) method is not as convenient as the others since it must be carried out in
ail inert atmosphere and requires dark conditions due to the presence o f the silver
ion.

X-Ray Crystallographic Study of the 1,3-Diphenylacetone Complex
Since the /3-phenylketones represent a new substrate for coordination to
[Mn(CO)3]+, a single crystal X-ray structure was sought. Suitable crystals of the
1,3-diphenylacetone complex were grown by diffusion o f diethyl ether into a
concentrated acetone solution o f the complex. Solution o f the monoclinic
structure was accomplished by direct methods. Crystallographic data are listed in
Table 14, fractional non-hydrogen atom coordinates in Table 15, and selected bond
lengths and angles in Table 16. A thermal ellipsoid drawing o f the cation is shown
in Figure 3. The refined wR2 factor was higher than desirable due to extensive
disorder which was present in the BF4' anion. Modeling o f the disorder in the
present case was unsuccessful. Nevertheless, the structure of the cation was
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reasonable and showed no significant disorder. Its general configuration was the
expected piano stool with the arene substituent adopting a nearly syn eclipsed
position with respect to the carbonyl ligands. The metal tripod is rotated about 12°
from the eclipsed conformation. The metal carbonyls are approximately linear.
The six carbons o f the coordinated arene ring were found to be planar by least
o

squares analysis, with the maximum deviation being 0.0066 A. The metal atom lies
o

within 0.0026 A from a line projected prependicular to the ring centroid. The
structure o f the side chain reflects the lack o f conjugation. The carbonyl-bearing
plane (C(7), C(8), C(9), 0(1)) lies at a 52° angle to the coordinated ring, with the
carbonyl pointing away from the metal fragment. The carbonyl plane produces an
angle o f 78° with the noncoordinated ring and the two ring planes are almost
perpendicular to one another (86°).

Table 14. Crystal and Structure Refinement Data for
[(t?6-C6H5CH2CO CH2Ph)Mn(CO)3l BF4
empirical formula

C18H 14BF4M n04

formula weight

436.04

temperature

298(2) K

wavelength

0.71073 A

crystal system

monoclinic

space group

P lJ c
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unit cell dimensions

a=12.5429(12) A
6=12.465(2) A
c=12.109 (2) A
j3=106.128(10)°

V

1818.8(5) A3

Z

4

D(calcd)

1.592 mg m'3

absorption coefficient

0.787 m m 1

F(000)

880

crystal size

0.52 x 0.46 x 0.45 mm

2 0 range for data collcn

2.35-25.01°

index ranges

-14 < 6 <14. -14 < & < 1 .-1 < /< 14

no. o f reflections colled

4015

no. o f indpdt reflcns

3174 (/?,„, = 0.0311)

refinement method

full-matrix least squares on P

data/restraints/params

3174/0/253

goodness-of-fit

1.008

final R indicies [/> 2o(/)]

Rl = 0.0570, wR2 = 0.1609

R indicies (all data)

R l = 0.0753, wfl2 = 0.1793

largest diff peak and hole

0.899 and -0.376 e A'3

52
Table 15. Atomic Coordinates (xlO4) and Equivalent Isotropic Displacement
Parameters U(eq.)a (A2 x 103) for [(tj6-C6H5CH2CO
CH2Ph)Mn(CO)3]BF4
atom

x

y

z

U (e q)

M n(l)

1938(1)

8853(1)

2180(1)

41(1)

0 (1 )

3883(2)

10951(2)

5467(3)

56(1)

0 (2 )

3265(3)

8829(3)

512(3)

81(1)

0 (3 )

247(3)

7466(3)

667(3)

82(1)

0 (4 )

787(3)

10797(3)

1056(3)

86(1)

C (l)

3312(3)

9420(3)

3614(3)

45(1)

0(2)

3475(3)

8322(3)

3421(3)

51(1)

0(3)

2642(4)

7574(3)

3394(3)

55(1)

0(4)

1649(4)

7930(3)

3586(3)

54(1)

0(5)

1480(3)

9000(3)

3787(3)

48(1)

0(6)

2313(3)

9767(3)

3811(3)

43(1)

0(7)

2128(3)

10935(3)

4038(4)

53(1)

0(8)

2991(3)

11377(3)

5072(3)

46(1)

0(9)

2666(3)

12401(3)

5542(4)

60(1)

0(10)

3614(3)

12918(3)

6417(4)

.53(1)

0(11)

4220(4)

13749(3)

6116(5)

69(1)

0(12)

5133(5)

14169(5)

6944(8)

101(2)

0(13)

5432(5)

13759(6)

8052(7)

97(2)

0(14)

4834(5)

12981(6)

8327(5)

83(2)

0(15)

3932(4)

12564(4)

7532(4)

66(1)

0(16)

2742(4)

8850(3)

1145(4)

56(1)

0(17)

887(4)

8002(4)

1238(4)

57(1)

0(18)

1212(4)

10045(4)

1491(4)

59(1)

B (l)

1497(5)

4673(6)

2548(8)

92(2)
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F (l)

1681(11)

4854(8)

1527(8)

306(6)

F(2)

2517(4)

4743(5)

3118(7)

191(3)

F(3)

1106(3)

3699(3)

2490(6)

158(2)

F(4)

827(4)

5445(4)

2553(6)

177(3)

a Equivalent isotropic IJ defined as 1/3 o f the trace o f the orthogonalized

tensor.

Table 16. Selected Bond Lengths and Angles in [(rj6-C6H5CH2CO
CH2Ph)Mn(CO)3]BF4
Bond Lengths (A)
Mn(l)-C(16)

1.813(5)

M n(l)-C(17)

1.819(5)

Mn(l)-C(18)

1.824(4)

M n(l)-C(4)

2.167(4)

M n(l)-C(3)

2.182(4)

M n(l)-C(5)

2.185(4)

M n(l)-C(2)

2.191(4)

M n(l)-C (l)

2.196(3)

M n(l)-C(6)

2.216(4)

0(1)-C (8)

1.211(5)

0(2)-C (16)

1.139(6)

0(3)-C (17)

1.123(5)

0(4)-C (18)

1.134(5)

C (l)-C(6)

1.408(5)

C (l)-C(2)

1.412(6)

C(2)-C(3)

1.394(6)

C(3)-C(4)

1.402(6)

C(4)-C(5)

1.383(6)

C(5)-C(6)

1.411(5)

C(6)-C(7)

1.510(5)

C(7)-C(8)

1.514(6)

C(8)-C(9)

1.499(5)

C(9)-C(10)

1.501(5)

C(10)-C(15)

1.370(6)

C (10)-C (ll)

1.391(6)

C(11)-C(12)

1.398(9)

C(12)-C(13)

1.387(10)

C(13)-C(14)

1.324(9)

C(14)-C(15)

1.369(7)

B (l)-F(2)

1.277(8)

B (l)-F(4)

1.280(8)

B (l)-B (3)

1.305(8)

B (l)-F (l)

1.338(11)
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Bond Angles (deg)
C( 16)-Mn( 1)-C( 18)

89.3(2)

C( 16)-Mn( 1)-C( 17)

90.7(2)

C( 18)-Mn( 1)-C( 17)

90.3(2)

C( 16)-Mn( 1)-C(4)

142.0(2)

C(18)-Mn(l)-C(4)

128.5(2)

C( 17)-Mn( 1)-C(4)

86.1(2)

C(16)-Mn(l)-C(3)

105.4(2)

C(18)-M n(l)-C(3)

164.3(2)

C(17)-Mn(l)-C(3)

94.8(2)

C(4)-M n(l)-C(3)

37.6(2)

C(16)-Mn(l)-C(5)

161.8(2)

C(18)-M n(l)-C(5)

96.8(2)

C(17)-Mn(l)-C(5)

106.4(2)

C(4)-M n(l)-C(5)

37.0(2)

C(3)-Mn(l)-C(5)

67.6(2)

C( 16)-Mn( 1)-C(2)

85.5(2)

C(18)-Mn(l)-C(2)

142.5(2)

C( 17)-Mn( 1)-C(2)

126.8(2)

C(4)-Mn(l)-C(2)

66.9(2)

C(3)-M n(l)-C(2)

37.2(2)

C(5)-Mn(l)-C(2)

79.2(2)

C( 16)-Mn( 1)-C( 1)

94.7(2)

C(18)-M n(l)-C(l)

106.4(2)

C( 17)-Mn( 1)-C( 1)

162.5(2)

C (4)-M n(l)-C(l)

79.4(2)

C(3)-Mn( 1)-C( 1)

67.7(2)

C(5)-M n(l)-C(l)

67.10(14)

C (2)-M n(l)-C (l)

37.5(2)

C( 16)-Mn( 1)-C(6)

126.6(2)

C( 18)-Mn( 1)-C(6)

86.8(2)

C( 17)-Mn( 1)-C(6)

142.5(2)

C(4)-C(l)-C(6)

67.2(2)

C(3)-Mn(l)-C(6)

80.2(2)

C(5)-M n(l)-C(6)

37.38(14)

C(2)-Mn(l)-C(6)

67.37(14)

C (l)-M n(l)-C (6)

37.20(13)

C(6)-C(l)-C(2)

120.2(4)

C (6)-C (l)-M n(l)

72.1(2)

C(2)-C( 1)-Mn( 1)

71.0(2)

C (3)-C(2)-C(l)

120.7(4)

C(3)-C(2)-Mn(l)

71.1(2)

C (l)-C (2)-M n(l)

71.4(2)

C(2)-C(3)-C(4)

118.6(4)

C(2)-C(3)-M n(l)

71.8(2)

C(4)-C(3)-Mn(l)

70.6(2)

C(5)-C(4)-C(3)

121.4(4)

C(5)-C(4)-C(l)

72.2(2)

C(3)-C(4)-M n(l)

71.8(2)

C(4)-C(5)-C(6)

120.6(4)

C(4)-C(5)-M n(l)

70.8(2)

C(6)-C(5)-Mn(l)

72.5(2)

C(l)-C(6)-C(5)

118.5(4)

C(l)-C(6)-C(7)

121.1(4)

C(5)-C(6)-C(7)

120.5(3)

C (l)-C(6)-M n(l)

70.7(2)

C(5)-C(6)-M n(l)

71.0(2)

55
C(7)-C(6)-Mn( 1)

130.7(3)

C(6)-C(7)-C(8)

113.0(3)

0(1)-C(8)-C(9)

122.9(4)

0(1)-C(8)-C(7)

122.5(3)

C(9)-C(8)-C(7)

114.6(3)

C(8)-C(9)-C(10)

112.8(3)

C(15)-C(10)-C(l 1)

117.9(4)

C(15)-C(10)-C(9)

120.9(4)

C (ll)-C (10)-C (9)

121.2(5)

C(12)-C(l 1)-C(10)

119.3(6)

C (ll)-C (12)-C (13)

120.2(6)

C(14)-C(13)-C(12)

119.6(5)

C( 13)-C( 14)-C( 15)

121.1(6)

C( 10)-C( 15)-C( 14)

121.9(5)

0(2)-C ( 16)-Mn( 1)

178.2(4)

0(3)-C (17)-M n(l)

179.0(4)

0(4)-C ( 18)-Mn( 1)

178.2(4)

F(2)-B(l)-F(4)

120.5(7)

F(2)-B(l)-F(3)

113.5(7)

F(4)-B(l)-F(3)

117.5(5)

F (2)-B (l)-F (l)

94.8(8)

F (4)-B (l)-F (l)

99.2(8)

F (3)-B (l)-F (l)

105.4(8)

Figure 2. Thermal Ellipsoid Drawing of the Cation in
[(T/6-C6Hs CH2CO CH 2Ph)Mn(CO)3]BF4 at the 50% Probability Level
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Deprotonation Results.
Due to the electron withdrawing nature o f coordinated aromatics, protons
a to the coordinated ring have an increased Bronsted acidity. In the /3-ketoarene
complexes, protons a to both the coordinated ring and the ketone carbonyl should
therefore be quite acidic and consequently easily deprotonated. This was indeed
the case, as deprotonation was afforded by the relatively weak base triethylamine.
This deprotonation yielded neutral cyclohexadienyl enone complexes which were
found to be very stable in the solid state and in solvents such as THF. The stability
of these complexes is reasonable since they are highly conjugated and thus
resonance stabilized.
The deprotonation reaction was easily reversed by the addition o f very
dilute solutions o f either HBF4 etherate or NH4PF6. Complete conversion could be
observed by infrared spectroscopy, along with a change in the solution color from
orange to yellow. The [(rj6-/Tketoarene)Mn(CO)3]+ complexes could then be
isolated in good yield.

X-Ray Crystalographic Study of 5
Since 5 and the other realated complexes represent new [(T]5-cyclohexadienylenone)Mn(CO)3] complexes, a single X-ray crystal structure was sought. Suitable
crystals were grown by cooling a saturated hexane solution o f 5 to -5°C. Solution
of the monoclinic structure was accomplished by direct methods. Crystallographic
data are listed in Table 17, fractional non-hydrogen atom coordinates are listed in
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Table 18, and selected bond lengths and angles in Table 19. A thermal ellipsoid
drawing o f 5 is shown in Figure 3. The general configuration o f 5 is a piano stool
type with respect to C(l-5). C(6) is not coordinated to the metal and lies out of
the plane of the coordinated ring by 58.8°. The coordinated ring is almost
perfectly syn eclipsed to the metal carbonyls. The metal carbonyls are
approximately linear. The five coordinated carbons are approximately planar. The
ketone carbonyl plane o f the substituent produces an angle o f 62.9° with the
noncoordinated ring, and the cyclohexadienyl and arene rings are almost
perpendicular to each other.

Table 17. Crystal and Structure Refinement Data for 5
empirical formula

C,7H nM n04

formula weight

334.20

temperature

293(2) K

wavelength

0.71073 A

crystal system

monoclinic

space group

C2/c

unit cell dimensions

a=24.028(6) A
£=9.191(4) A
c=13.582 (2) A
o=90°
/3= 102.77(10)°
y=90°

V

2925(2) A3
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Z

8

D(calcd)

1.518 mg/m 3

absorption coefficient

0.917 m m 1

F(000)

1360

crystal size

0 .1 0 x 0 .3 4 x 0 .5 0 mm

2 6 range for data collection

2.38-25.01°

index ranges

-1 < h < 2 S - l < k < 10,-16 < / <
15

no. o f reflections colled

3149

no. o f indpdt reflcns

2571 (Rint - 0.0490)

refinement method

full-matrix least squares on P

data/restraints/params

2571/0/199

goodness-of-fit

1.1.030

final R indicies [/> 2 o(/)]

R l = 0.0561, wi?2 = 0.1172

R indicies (all data)

R l =0.0997, wR2 = 0.1380

largest diff peak and hole

0.399 and -0.385 e A'3

Table 18. Atomic Coordinates (xlO4) and Equivalent Isotropic
Displacement Parameters U(eq.)a (A2 x 103) for 5
, atom

X

y

z

£/(eq)

M n(l)

3930(1)

4355(1)

549(1)

40(1)

0 (1 )

2195(1)

6590(4)

-1360(2)

60(1)

0 (2 )

4564(2)

6977(4)

1394(3)

82(1)

0 (3 )

4956(2)

2580(5)

1251(4)

103(2)

0 (4 )

4195(2)

4740(6)

-1447(3)

91(2)

C (l)

3039(2)

5286(5)

255(3)

42(1)

C(2)

3257(2)

4988(6)

1277(4)

48(1)
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C(3)

3451(2)

3601(6)

1601(4)

55(1)

C(4)

3444(2)

2525(5)

865(3)

50(1)

C(5)

3233(2)

2830(5)

-149(3)

45(1)

C(6)

2925(2)

4145(5)

-487(3)

40(1)

C(7)

2586(2)

4254(5)

-1445(3)

41(1)

C(8)

2200(2)

5420(5)

-1806(3)

41(1)

C(9)

1749(2)

5145(5)

-2749(3)

40(1)

C(10)

1818(2)

4232(5)

-3519(3)

46(1)

C (ll)

1390(2)

4056(5)

-4381(4)

57(1)

C(12)

880(2)

4769(6)

.4462(4)

64(2)

C(13)

798(2)

5661(6)

-3692(4)

68(2)

C(14)

1229(2)

5867(5)

-2846(4)

53(1)

C(15)

4321(2)

5939(6)

1071(4)

52(1)

C(16)

4555(2)

3264(6)

971(4)

59(1)

C(17)

4092(2)

4629(6)

-665(4)

56(1)

Table 19. Selected Bond Lengths and Angles in 5
Bond Lengths (A)
Mn(l)-C(16)

1.790(6)

Mn(l)-C(15)

1.791(6)

M n(l)-C(17)

1.794(5)

M n(l)-C(3)

2.139(5)

Mn(l)-C(4)

2.145(5)

M n(l)-C(2)

2.154(5)

Mn(l)-C(5)

2.229(4)

M n(l)-C (l)

2.259(4)

Mn(l)-C(6)

2.520(4)

0(1)-C (8)

1.236(5)

0(2)-C (15)

1.154(6)

0(3)-C (16)

1.143(6)

0(4)-C(17)

1.147(6)

C(l)-C (2)

1.398(6)

C(l)-C(6)

1.438(6)

C(2)-C (3)

1.395(7)

C(3)-C(4)

1.404(7)

C(4)-C (5)

1.386(6)

60
C(5)-C(6)

1.439(6)

C(6)-C (7)

1.378(6)

C(7)-C(8)

1.430(6)

C(8)-C (9)

1.506(6)

C(9)-C(10)

1.379(6)

C(9)-C (14)

1.394(6)

C (10)-C (ll)

1.387(6)

C(11)-C (12)

1.372(7)

C(12)-C(13)

1.377(8)

C(13)-C (14)

1.379(7)

Bond Angles (deg)
C( 16)-Mn( 1)-C( 15)

90.0(2)

C( 16)-Mn( 1)-C( 17)

92.1(2)

C( 15 )-Mn( 1)-C( 17)

92.8(2)

C( 16)-Mn( 1)-C(3)

98.1(2)

C(15)-Mn(l)-C(3)

108.1(2)

C( 17)-Mn( 1)-C(3)

156.6(2)

C( 16)-Mn( 1)-C(4)

87.2(2)

C( 15)-Mn( 1)-C(4)

145.0(2)

C( 17)-Mn( 1)-C(4)

122.2(2)

C(3)-Mn(l)-C(4)

38.3(2)

C( 16)-Mn( 1)-C(2)

131.7(2)

C( 15)-Mn( 1)-C(2)

88.8(2)

C( 17)-Mn( 1)-C(2)

136.2(2)

C(3)-Mn(l)-C(2)

37.9(2)

C(4)-Mn(l)-C(2)

67.8(2)

C(16)-Mn(l)-C(5)

106.3(2)

C( 15)-Mn( 1)-C(5)

163.4(2)

C(17)-Mn(l)-C(5)

89.6(2)

C(3)-Mn(l)-C(5)

67.4(2)

C(4)-Mn(l)-C(5)

36.9(2)

C(2)-Mn(l)-C(5)

78.2(2)

C(16)-M n(l)-C(l)

164.5(2)

C(15)-M n(l)-C(l)

98.9(2)

C(17)-M n(l)-C(l)

100.0(2)

C(3)-M n(l)-C(l)

67.1(2)

C(4)-M n(l)-C(l)

78.2(2)

C(2)-M n(l)-C(l)

36.8(2)

C(5)-M n(l)-C(l)

64.5(2)

C( 16)-Mn( 1)-C(6)

140.2(2)

C(15)-Mn(l)-C(6)

129.5(2)

C(17)-Mn(l)-C(6)

82.7(2)

C(3)-Mn(l)-C(6)

75.9(2)

C(4)-Mn(l)-C(6)

63.5(2)

C(2)-Mn(l)-C(6)

63.4(2)

C(5)-Mn(l)-C(6)

34.6

C(l)-M n(l)-C (6)

34.49(14)

C(2)-C(l)-C(6)

121.7(4)

C(2)-C(l)-M n(l)

67.5(3)

C(6)-C(l)-M n(l)

82.7(3)

C(3)-C(2)-C(l)

121.2(4)

C(3)-C(2)-Mn(l)

70.5(3)

C(l)-C(2)-M n(l)

75.6(3)

C(2)-C(3)-C(4)

117.9(4)

C(2)-C(3)-Mn(l)

71.6(3)
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C(4)-C(3)-Mn(l)

71.1(3)

C(5)-C(4)-C(3)

120.6(5)

C(5)-C(4)-Mn(l)

74.8(3)

C(3)-C(4)-Mn(l)

70.7(3)

C(4)-C(5)-C(6)

122.4(4)

C(4)-C(5)-Mn(l)

68.3(3)

C(6)-C(5)-Mn(l)

83.8(3)

C(7)-C(6)-C(l)

126.2(4)

C(7)-C(6)-C(5)

121.2(4)

C(l)-C(6)-C(5)

112.6(4)

C(7)-C(6)-Mn(l)

144.7(3)

C(l)-C(6)-M n(l)

62.8(2)

C(5)-C(6)-Mn(l)

61.6(2)

C(6)-C(7)-C(8)

125.5(4)

0(1)-C(8)-C(7)

124.1(4)

0(1)-C(8)-C(9)

118.7(4)

C(7)-C(8)-C(9)

117.1(4)

C(10)-C(9)-C(14)

118.3(4)

C(10)-C(9)-C(8)

124.2(4)

C(14)-C(9)-C(8)

117.5(4)

C(9)-C(10)-C(l 1)

121.3(4)

C(12)-C(l 1)-C(10)

119.6(5)

C(11)-C(12)-C(13)

119.9(5)

C( 12)-C( 13)-C( 14)

120.5(5)

C(13)-C(14)-C(9)

120.3(5)

0(2)-C ( 15)-Mn( 1)

178.6(5)

0(3)-C (16)-M n(l)

179.1(5)

0(4)-C ( 17)-Mn( 1)

177.0(5)

Figure 3. Thermal Ellipsoid Drawing of 5 at the 50% Probability Level

C(13)
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Nucleophilic Additions.
Organic enones are known to be moderately electrophilic, so coordination
to the electron-withdrawing [Mn(CO)3]+ fragment should make these enone
complexes strongly electrophilic. Consequently nucleophilic addition o f hydride
and synthetically useful carbanions, such as Grignards, to the new, highly
unsaturated [(rf-cyclohexadienyl enone)Mn(CO)3] complexes should occur to give
some combination o f 1,2-addition products and 1,4-addition products as shown in
Scheme VII.
However, upon addition, very complicated infrared spectral data were
obtained, although the frequency patterns were consistent (Figure 4), indicating
uniform conversions of starting materials to similar products. These spectral
complexities were first thought to occur due to a mixture o f 1,2- and 1,4-addition
products, however, upon examination o f 'H-NMR data it was apparent that more
than just two products were present (Figure 5). Both spectra were too
complicated for interpretation. However, the presence o f dienyl resonances was
clear in the 1H-NMR data, and thus it was assumed that some desired conjugate
addition products were formed. Additional resonances were attributed to
decomposition or rearrangement by residual acid from the product workup. A
variety o f product workup alterations were attempted, specifically, the washing of
the acidified product solution with sodium bicarbonate to neutralize any residual
acid and treatment o f the reaction with Ph2P=N=PPh2+Cl' to trap the product anion
before electrophilic attack. None o f these attempts worked, and even after

Figure 4
0 . 7969-

0 .0 0 4 2
2200

Figure 5

2100

2000

1900

1800

1700

era-1

64
exhaustive chromatography no changes in the product spectra were noted.
Finally, 3 was treated with HBF4 etherate yielding the [(rj6- l,ldiphenylacetone)Mn(CO)3]+ complex. This complex was then reacted with the
various nucleophiles. Surprisingly the same products were obtained as
demonstrated by infrared and NMR data. This result was at first confusing
because there seemed to be no source o f protons in the nucleophilic addition to 3
that would cause reprotonation. Scheme X demonstrates what most likely was
Scheme X
Ph
Nu

CH.

Nu'

CH.

H+
Nu

CH-

11

occurring. The cyclohexadienyl enone, 3, exist in equilibria with its fully
aromatized zwitter ionic isomer. The nucleophile thus probably added to the
coordinated ring o f the zwitter ionic species {ortho addition is shown as an
example), which upon acidic work up formed the substituted cyclohexadieneyl
product 11.

This result explained both the complexity o f the spectral data (due to
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the possibility o f o-, m-, and p- addition products) and the presence o f dienyl
resonances in the ’H-NMR data.

Electrophilic Addition.
These [(7]5-cyclohexadienyl enone)Mn(CO)3] complexes should exhibit
some nucleophilic reactivity as well. The complexes should be able to rearomatize,
thus shuttling the cationic charge back onto the metal center, allowing for
substitution at the benzylic carbon (Scheme XI).
Scheme XI

Mn(CO)3

Mn(CO)3

Mn(CO)3

The nucleophilicity o f the coordinated cyclohexadienyl enone complexes
was tested by reacting 3 with a variety o f both strong and weak electrophiles. The
electrophile was expected to add to the benzylic carbon producing a-substituted
[(i7 6-ketoarene)Mn(CO)3]+ complexes. However, for all carbon donor
electrophiles tested, reprotonation o f 3 to form [(t]6- l ,ldiphenylacetone)Mn(CO)3]+ occurred with no substitution. Apparently
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adventitious H+ in the electrophile caused reprotonation and prevented
electrophilic attack. This seems reasonable considering 3 is fully reprotonated
when in the presence o f HBF4 etherate. The deprotonation o f the product of the
electrophilic addition reaction with 3 proved this to be the case.
Of special interest in this class o f reactions is the reaction o f 3 with TMSC1.
The oxophilic electrophile was expected to attack the carbonyl oxygen to produce
a silyl ether. Spectral data seemed to indicate that both reprotonation and some
type o f electrophilic attack were occurring. Consequently the reaction was run in
the presence o f proton scavengers such as proton sponge to prevent reprotonation.
However, no change in product was observed. Finally, after characterization o f
the product by infrared and NMR spectroscopy proved inconclusive, an X-ray
quality crystal o f the product was grown and the structure obtained. As it turned
out, the ion pair (8) was formed. The following reactions (7&8) demonstrate the
probable chemistry which produced 8.

T M S O H + HC1

T M SC 1 + H 2O (adventitious)

Ph

3

8
Mn(CO)3

+ 2 P h2C H C O C H 3

(7)
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X-ray Crystalographic Study of 8.
Suitable crystals of 8 were grown by layering a CH2C12 solution with hexane, and
the solution of the monoclinic structure was accomplished by direct methods. The
thermal ellipsoid drawing of 8 is shown in Figure 6. Since the structure was not
the desired product, complete refinement o f data was not performed, so bond
angles and lengths are not provided.

Figure 6. Thermal Ellipsoid Drawing of 8

1
C122I

'M n(3l

C(24)
iM n(l)
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Condensation Reactions
Condensation reactions are also known to occur with organic enones.
Among these is the imine condensation reaction which was attempted with 3
(Scheme XII). This reaction, however, failed and no further attempts were made
to improve upon this result. It is still unclear what occurred during this reaction.
What is known is that the expected product did not form as indicated by infrared
spectroscopy.
Scheme XII

Ph

Ph

N 'P r

Cycloaddition Chemistry
Finally, one of the more synthetically useful reactions of enones is the
formation of cyclic compounds by cycloaddition to dienes. Since the new [( t]5cyclohexadienyl enone)Mn(CO)3] complexes were expected to be strong
dienophiles due to their electrophilic nature, such a reaction was attempted
(Scheme XIII). The Diels-Alder chemistry o f 3 was tested with piperelene.
However, the high heat required for the reaction resulted in decomposition 3, and
further attempts at this chemistry were abandoned.

69
Scheme XIII

R

S S /
Mn(CO)3

Mn(CO)3

Conclusions
The coordination of aromatic molecules to [Mn(CO)3]+ has been
investigated and found to be moderately general in scope. Although the three
synthetic methods are successful for most arens, the TFA anhydride method
usually resulted in the best product yields. Substrates bearing electron-donating
substituents such as alkyl, alkoxy, and hydroxy may be coordinated in high yield.
Fused ring aromatic systems in which a lone pair-bearing heteroatom is directly
attached to the fused benzene ring can also be metallated. Arenes bearing mild
acceptor groups, such as aryls, chlorides, or non-conjugated carbonyl groups, can
be coordinated as well. Unusual substitution reactions o f aryl halides have been
found to occur during hydrolysis in the presence o f aluminium chloride.
The novel [(ry6-/3-ketoarene)Mn(CO)3]+ complexes were easily
deprotonated by mild base, as expected. Though the resultant [(rfcyclohexadienyl-enone)Mn(CO)] complexes were very stable, nucleophilic
addition did not yield desired products due to addition to the zwitter ionic species..
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Niether did electrophillic addition, imine condensation or cycloaddition reactions
proceed as expected. Complex 3 and related compounds all proved too acid
sensitive to yield the expected products.
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